A genome scan was previously performed and pointed to chromosome 6q21 as a candidate region for autism. This region contains the glutamate receptor 6 (GluR6 or GRIK2) gene, a functional candidate for the syndrome. Glutamate is the principal excitatory neurotransmitter in the brain and is directly involved in cognitive functions such as memory and learning. We used two different approaches, the affected sib-pair (ASP) method and the transmission disequilibrium test (TDT), to investigate the linkage and association between GluR6 and autism. The ASP method, conducted with additional markers on the 51 original families and in eight new sibling pairs, showed a significant excess of allele sharing, generating an elevated multipoint maximum LOD score (ASPEX MLS = 3.28). TDT analysis, performed in the ASP families and in an independent data set of 107 parent-offspring trios, indicated a significant maternal transmission disequilibrium (TDTall P = 0.0004). Furthermore, TDT analysis (with only one affected proband per family) showed significant association between GluR6 and autism (TDT association P = 0.008). In contrast to maternal transmission, paternal transmission of GluR6 alleles was as expected in the absence of linkage, suggesting a maternal effect such as imprinting. Mutation screening was performed in 33 affected individuals, revealing several nucleotide polymorphisms (SNPs), including one amino acid change (M867I) in a highly conserved domain of the intracytoplasmic C-terminal region of the protein. This change is found in 8% of the autistic subjects and in 4% of the control population and seems to be more maternally transmitted than expected to autistic males (P = 0.007). Taken together, these data suggest that GluR6 is in linkage disequilibrium with autism. Molecular Psychiatry Molecular Psychiatry (2002) 7, 302-310.
The symptoms are usually apparent during the first 3 years of life and the population prevalence is 1/1000, 3 with a sex ratio of 4:1 in favour of males. 4 Since the original reports by Kanner, 1 many studies have supported a genetic aetiology for autism. Familial cases are rare, but substantially more frequent than expected by chance. Indeed, the recurrence risk of autism in sibships is approximately 45 times greater than in the general population. 3, 5 Furthermore, twin studies have documented a higher concordance rate in monozygotic (60-91%) than in dizygotic twins (0-6%), 6, 7 indicating that the heritability of autism may be over 90%. 7 To localise susceptibility loci in autism, five independent genome scans have been performed and indicated a multiloci aetiology. [8] [9] [10] [11] [12] Several regions, exhibiting elevated maximum LOD scores (MLS), were identified as candidates on chromosomes 1p, 2q, 6q16-21, 7q31-32, 13q, and 15q. In the Paris Autism Research International Sibpair (PARIS) study, conducted with 51 affected sib pairs (ASP), chromosome 6q21 was the most significant region, with a multipoint MLS of 2.23. 9 This region contains the glutamate receptor 6 (GluR6 or GRIK2) gene, an excellent positional and functional candidate for susceptibility to autism.
Glutamate is the principal excitatory neurotransmitter in the brain and acts via two types of glutamate receptors: metabotropic and ionotropic. 13 The metabotropic receptors are coupled to various second messenger systems via GTP-binding proteins, whereas the ionotropic glutamate receptors form ligand-gated ion channels and are named according to their protypical agonists: NMDA (N-methyl-D-aspartate) receptors, AMPA (␣-amino-3-hydroxyl-5-methyl-4-isoxazolepropionate) receptors (GluR1-4), and kainate receptors (GluR5-7, KA1 and KA2). GluR6 is a member of the ionotropic kainate receptors (KARs), expressed during brain development and post-transcriptionally modified by editing.
14 Glutamate and its receptors are directly involved in cognitive functions such as memory and learning 15 and are candidates for several neurological and psychiatric diseases. 16 Based on neuroanatomical studies and similarities between symptoms produced by glutamate antagonists in healthy subjects and those seen in autism, it has been recently proposed that autism could be a hypoglutamatergic disorder. 17 Furthermore, animal models of hypoglutamatergia show several similarities with autism, such as defective habituation, restricted behavioural repertoire and inability to change behavioural program. 17 Finally, disturbed glutamate concentrations have been reported in autistic patients compared to controls, with high levels in plasma 18 and low levels in platelets. 19 In the present study, we present the complete genomic structure of the human GluR6 gene, including new isoforms, linkage/association analyses in autistic subjects and the nucleotide variations present in the gene. These studies support the hypothesis that GluR6 may be a susceptibility gene for autism.
Materials and methods

Families
Families with at least one autistic child were recruited by the PARIS study at specialised clinical centres in seven countries (Austria, Belgium, France, Italy, Norway, Sweden, and the United States). Fifty-nine families with at least two children with autism (including one family with three autistic children and one family with two affected siblings and one affected half-sibling)
Molecular Psychiatry comprise the sample for the linkage analysis and were described previously. 9 One hundred and seven families with one autistic child were added for the association study. All the autistic subjects fulfilled the DSM-IV criteria for autistic disorder 2 and the Autism Diagnostic Interview Revised (ADI-R) algorithm for ICD-10 childhood autism. 20 Subjects were included only after thorough clinical, neuropsychological and neurological examination described elsewhere. 9 Cases diagnosed with associated organic conditions or other established chromosomal disorders were excluded. The study was approved by the ethical committees of the collaborating institutions. Informed consents were obtained from the parents of each child included in the study.
DNA, RNA analysis and genotyping
Blood samples were collected from both parents and autistic subjects. DNA was extracted and B lymphoblastoid cell lines generated. Most of the microsatellites were amplified and genotyped at the Centre National de Genotypage (Evry, France) using fluorescent primers as described. 9 Sequence analysis of the GluR6 gene was performed by direct sequence of the PCR products, using fluorescently labelled Taq DyeDeoxy terminator reaction mix and a 373A automated DNA sequencer (Applied Biosystems, Foster City, USA). The C/T SNP in intron 14 is located 8 bp from exon 15 (position 251983 in contig NT019424) and was genotyped with enzyme EcoNI, which digests when C is present. The G/A SNP in exon 15 (position 251862 in contig NT019424) was genotyped using a mismatch primer, which creates a HindIII site when G is present. These two SNPs are separated by 120 bp. The G/A SNP in exon 16 (position 238919 in contig NT019424; M867I) was genotyped with EcoRV, which digests when A (Isoleucine) is present. For the analysis of the GluR6 transcripts, total brain RNAs (Clontech) were reverse transcribed using the Gene Amp RNA PCR kit (PerkinElmer Corp, Norwalk, CT, USA) and amplified with forward primers Gluex15, 15b or 15t and reverse primer Gluex16. Primer sequences used in this study are available from our web site (http://www.im3. inserm.fr/autism).
Statistical analysis
Nonparametric ASP analysis was performed using ASPEX, 21 under an additive model and assuming no dominance variance. ASPEX calculates a nonparametric MLS that is interpreted in the same manner as a LOD score. We also used GENEHUNTER-PLUS 22, 23 to perform multipoint nonparametric affected-relativepair analysis. The nonparametric-linkage (NPL) was performed using the 'all' statistic of the computer package. GENEHUNTER-PLUS calculates a maximum-likelihood estimate of the NPL statistic converted to a 'semiparametric' LOD score: LOD*. For these analyses, LOD* was calculated using the exponential likelihoodbased allele-sharing model (ASM) which is more robust in smaller data sets. 23 Like the MLS statistic generated by ASPEX, this LOD* may be interpreted as a traditional LOD score.
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Family-based linkage and association analyses were performed using the transmission disequilibrium test (TDT), where preferential allelic transmission from heterozygous parents to affected offspring is tested by applying the (b − c) 2 /(b + c) statistics and the 2 ('McNemar test'). 24 For association studies, only one affected child per family was included. Haplotypes of the two SNPs located in intron 14 and exon 15 were constructed on the basis of transmission patterns in families in which both parents were genotyped, assuming an absence of recombination between the two loci because of close proximity of the SNPs (120 bp). For each haplotype, a test with 1 df for excess transmission of that haplotype was calculated. Finally, a global test was also performed with H-1 df, where H is the number of haplotypes for which transmission data are available. 25 In this study, haplotypes CA and TG, less represented, were pooled. Data presented are nominal P values.
Results
Linkage analysis of the GluR6 gene in autistic sib pairs
A complete genomic screen performed by the PARIS study 9 revealed the most significant MLS close to D6S283 (single point MLS = 1.02). To further study this linkage with autism, a fine mapping of chromosome 6q21 was performed using additional microsatellites flanking D6S283 in 59 ASP (Table 1 and Figure 1 ). De facto, D6S283 was found to be located in intron 11 of the human GluR6 gene (Figure 2a ). To increase the information content for GluR6, two additional intragenic microsatellites, D6S1543 in intron 1 and a polymorphic stretch of TAA in exon 16 26 were studied. Allele sharing and identity by descent (IBD) were analysed by ASPEX 27 and GENEHUNTER-PLUS 22 softwares. ASPEX was used to determine the paternal and the maternal LOD scores. GENEHUNTER-PLUS was used to analyse all families, including one family with two affected siblings and one half-sibling. Results are presented in Table 1 and Figure 1 . The most significant LOD scores correspond to the GluR6 markers (ASPEX MLS = 3.28; GENEHUNTER-PLUS NPL = 3.28; P = 0.0005; LOD* = 2.44). As shown in Figure 1 and Table 1 , maternal sharing was more pronounced than paternal sharing. The region containing the susceptibility gene was bounded by D6S1613 and D6S268, from identified by BLAST analysis, using the human GluR6 cDNA sequence (NMF021956) and three genomic sequences (AP002528, AP002529, AP002530); (b) Predicted exon-intron dsRNA around the Q/R editing site (intron 12 containing the ECS) of GluR6 pre-mRNA by the RNA mfold software. 59 The nucleotides of intron 12 omitted from presentation are indicated in the loop.
104 to 115 cM (95% confidence limit) and was determined according to the equation of Kruglyak and Lander, 28 using the peak IBD score from ASPEX. Due to the large size of the gene (670 kb), three intragenic recombination events were observed. For the region flanking the GluR6 gene, the information content was greater than 80%.
Genomic organisation of the human GluR6 gene
The sequence of the complete GluR6 gene is now available in the Genbank database (accession numbers: AP002528, AP002529 and AP002530). The gene spans 670 kb and includes 16 exons in the open reading frame (ORF) (Figure 2a) . Orientation of the GluR6 gene (from telomere to centromere) was deduced from the three intragenic recombination events. In intron 12, we identified a sequence similar to exon 12 that contains the editing site complementary sequence (ECS) required for double-strand RNA (dsRNA) formation and deamination of adenosine by the enzyme DRADA. 29 This modification at the nucleic acid level (A/G) leads to an amino acid change (Q621R) at the protein level. The predicted exon-intron dsRNA around the Q/R editing site of GluR6 pre-mRNA is depicted in Figure 2b . This structure, requiring a distant intronic sequence, is similar to the mouse gene. 29 Two other sites are edited in exon 11 of the GluR6 gene, leading to the amino acid changes I567V and Y571C. For these edited sites, the dsRNA structure is unknown. Finally, two alternatively spliced exons are located in intron 15. Insertion of exon 15bis or 15ter
Molecular Psychiatry in the mRNA, between exons 15 and 16, leads to a different COOH terminal sequence with a premature ending of the protein (see below).
Sequence analysis of the GluR6 gene in autistic patients
The complete ORF, ECS, and the two alternatively spliced exons 15bis and 15ter were sequenced in 33 patients selected from ASP with IBD2 (23 patients) or IBD1 (10 patients). The location of all SNPs identified is shown in Figure 3a . Only one nucleotide variation, in exon 16, leads to a modification of the protein sequence at amino acid M867I. The Methionine 867 is highly conserved during evolution from Xenopus laevi to human and is close to a protein kinase C putative phosphorylation site (Figure 3b) . By RT-PCR performed on human control brain RNA, we found three different isoforms of the GluR6 mRNA leading to three different C-terminal sequences at the protein level, generated by alternative splicing of exon 15bis or 15ter (Figures 3c and 3d) . In mouse, the transcript corresponding to exon 15bis was already reported. 30 Exons 15bis and 15ter are spliced-out in the major transcript GluR6a. By contrast, in the presence of exon 15bis or 15ter, a premature stop codon leads to different and shorter C-terminal ends (Figure 3d ). The amino acid change M867I takes place in the C-terminal domain of the protein specific to the GluR6a isoform and is absent in GluR6b and GluR6c. These isoforms are conserved between mouse and human but show no homology with known domains (not shown). Linkage disequilibrium and association analyses of the GluR6 gene in autistic subjects TDT was performed in 59 ASP and 107 trios using three SNPs, located in intron 14 (EcoNI), exon 15 (HindIII) and exon 16 (M867I) (Figure 3a) . The frequency of the C allele in intron 14 was 67% in parents and 68% in autistic subjects. The G allele in exon 15 was present in 59% of parents and 60% of autistic subjects. The Ile allele in exon 16 was found in 7.7% of autistic subjects (males 8.2%; females 6.4%), in 4.7% of parents (fathers 3.6%; mothers 5.8%), and in 3.9% of controls (n = 200). There was no significant difference between samples for any of the SNPs and no deviation from Hardy-Weinberg equilibrium.
The TDT was first calculated as a test for linkage using all probands (Table 2 ). This test looks at all affected offspring of heterozygous parents for a given allele. For each allele, the frequency of transmission to the affected children is compared with the frequency of non-transmission. 24 When male autistic subjects were considered, a significant linkage disequilibrium (LD) was found for the maternal transmission of allele C of intron 14 (TDTall 2 = 9.6; df = 1; P = 0.002) and for allele G of exon 15 (TDTall 2 = 12.5; df = 1; P = 0.0004). LD was also present when the population of ASP and trios were analysed separately. The sample size of affected females with heterozygous parents was too small to perform statistical analyses. When all subjects from both sexes were analysed, LD was less pronounced but still significant (allele C intron 14: TDTall 2 = 6.7; df = 1; P = 0.009 and allele G exon 15: TDTall 2 = 7.2; df = 1; P = 0.007). TDT performed on 36 unaffected sibs revealed no segregation distortion (allele C intron 14: 6 T vs 6 NT; and allele G exon 15: 4 T vs 4 NT). Although the M867I change was found in only a small number of parents, the Isoleucine allele seemed to be more maternally transmitted than expected (TDTall 2 = 7.4; df = 1; P = 0.007). In contrast with the maternal transmission, the paternal transmission of all GluR6 alleles was as expected in the absence of linkage.
TDT was also calculated using only one proband per family (single affected) in order to have independent data. In this situation, TDT is a valid test for association. 25 When maternal transmission to male autistic subjects was tested, there was a significant association for allele C of intron 14 (TDT association 2 = 7; df = 1; P = 0.008) and allele G of exon 15 (TDT association 2 = 7.1; df = 1; P = 0.008). No significant association was observed when female autistic subjects or paternal transmission were analysed. Finally, to detect LD between specific GluR6 haplotypes and autism, we reconstructed paternal and maternal haplotypes transmitted to autistic subjects (Table 3 ). There are two major haplotypes, CG and TA; the other haplotypes, CA and TG, are less represented. The ancestral haplotype is probably CG, based on the sequence of the chimpanzee DNA (not shown). Thus, Molecular Psychiatry the most represented haplotypes are separated by two mutational events leading to TA. The Isoleucine allele is always associated with a CA haplotype. There was a significant difference in the maternal transmission of the different haplotypes in male probands (global 2 = 12.7; df = 2; P = 0.002), with haplotype CG being more transmitted (TDT 2 = 11.5; df = 1; P = 0.0007) and haplotype TA less transmitted (TDT 2 = 4.8; df = 1; P = 0.03). When subjects from both sexes were tested, the difference in maternal transmission was still significant (global 2 = 9.9; df = 2; P = 0.007), with haplotype CG being more transmitted (TDT 2 = 9; df = 1; P = 0.003).
Discussion
Linkage and association of the GluR6 gene with autism In this study, using a relatively high number of autistic subjects (227 children: 59 ASP and 107 trios) and two different strategies (sib-pair analysis and TDT), we found a significant linkage between the GluR6 gene and autism. The sib-pair analysis showed an excess of allele sharing in ASP, which was more pronounced when maternal alleles were considered. TDT analysis, performed with all affected subjects, also showed a significant maternal transmission disequilibrium. The MLS generated in this study by the ASP method represents one of the highest identified for autism but still fails to meet the threshold for definite significance. 31 The linkage region extends over 11 cM, from 104 to 115 cM (95% confidence intervals), with GluR6 located at 108-110 cM. These findings suggest that either GluR6 or a gene nearby is in linkage with autism. When test of linkage is carried out with the sib-pair analysis, there is no requirement for association with GluR6, since linkage is detected as an excess of sharing independently of the allele type. In contrast, TDT, performed with specific GluR6 SNPs, can detect linkage only in the presence of association. 25 In our study, LD and association were observed in the trio sample, independently from the ASP sample used to detect linkage on 6q21. On the basis of these genetic results, we suggest that GluR6 or a nearby gene may be implicated in the predisposition to autism.
An excess of maternal allele sharing was observed using the sib-pair analysis, and consistent with this observation, LD and association studies were significant only when maternal transmission was tested. These findings can be the consequence of meiotic drive or imprinting. Meiotic drive results in non-Mendelian segregation of alleles to offspring. 32 TDT performed on unaffected sibs revealed no segregation distortion, arguing against this possibility, but the sample size is too small to rule out this hypothesis. Genomic imprinting consists of a specific allelic expression depending on its parental origin. Interestingly, other candidate regions for predisposition to autism, such as 7q and 15q11-13, 33, 34 have been reported to contain several imprinted genes. In addition, an imprinted locus on the X chromosome has been hypothesised to be responsible for male susceptibility to the syndrome. 35 An imprinted region has been described near chromosome 6q21, at 6q23-24, in association with neonatal diabetes. 36 Furthermore, it has been shown recently that GluR7, a very close paralogue of GluR6, shows unequal allelic expression in the human brain, a characteristic of genes subject to genomic imprinting. 37 Studies to determine the imprinting status of GluR6 are underway.
The present findings also showed that LD and association were significant when male autistic subjects were considered and less when females were included in the analysis. This observation is interesting considering the well-known gender difference in the genetic predisposition to autism. Interestingly, a recent study reported that a subgroup of individuals with idiopathic autism, defined on the basis of both a normal physical examination and a structurally normal brain by MRI, exhibit a male to female sex ratio of 23:1, whereas in the subgroup with morphological anomalies, the sex ratio is reduced to 1.7:1. 4 Thus, differences in the genetic predisposition to autism may underlie these differences in the spectrum of the phenotype between the two sexes.
In this study, LD and association analyses were performed with informative but apparently non-functional SNPs. One nucleotide variation changing the protein (M867I) may be functionally relevant. This amino acid change takes place in the intracytoplasmic C-terminal region, in a highly conserved domain of the protein, which is subject to specific regulation by alternative splicing and plays an important role in the organisation and electrophysiological properties of GluR6. In particular, recombinant GluR6 proteins deleted in the C-terminal region are not associated with the synapseassociated protein PSD95/SAP90 and therefore may not be targeted to the synapse. 38 Furthermore, interaction with PSD95/SAP90 alters GluR6 function by reducing desensitisation. In our families, the isoleucine allele was somewhat more frequent in autistic subjects (8%) compared to controls (4%) and exhibited more maternal transmission. However, replication studies are needed in other families from different populations and the consequence of the M867I change at the functional level needs to be elucidated.
GluR6 as a genetic factor in autism?
Dysfunction of GluR6 may participate in the impairments in communication and learning in autistic subjects. KARs have two major activities: they contribute to the excitatory postsynaptic current/potential in response to glutamate and modulate the release of neurotransmitters (␥-aminobutyric acid [GABA] and glutamate) through presynaptic action. [39] [40] [41] Moreover, KARs are subjected to developmental and activitydependant regulation 42 and GluR6 function is modulated by protein phosphorylation. 43 GluR6 is abundantly expressed in brain regions involved in learning and memory (such as the hippocampus) as well as in motor and motivational aspects of behaviour (such as basal ganglia and the cerebellum). Mutations in GluR6 could thus have important consequences in the integration of excitatory synaptic signals controlling these aspects of behaviour. Although the behaviour of GluR6-deficient mice has not been fully investigated, 44 these mice appear to have difficulties in sensorimotor coordination and motivational aspects of locomotor activity (C Mulle, personal communication).
In addition, abnormal regulation of GluR6 expression could play a role in the high occurrence of epileptic seizures in autistic subjects. 45 Administration of kainate in the rat brain produces seizures and is considered a model for epilepsy. 46 GluR6-deficient mice are less susceptible to systemic administration of kainate 44 and over-expression of GluR6 in rat hippocampus produces spontaneous seizures. 47 Finally, a dysfunction in the GluR6 mRNA editing process may also be implicated in the autistic phenotype. Editing is a complex post-transcriptional regulation leading to a modification of the mRNA sequence compared to the related genomic sequence. 48 Mutations in genes involved in this process leads to altered behavioural phenotypes. 49 Editing of GluR6 at the Q/R site modifies the calcium permeability of the receptor channel. 50 The extent of editing is developmentally regulated in the rat brain and highest levels of edited forms are reached after birth. 51 In this study, we have identified the sequence of the human ECS in intron 12 required for the editing at the Q/R site, 29 but sequence analysis of the autistic subjects did not reveal differences compared to controls. However, it has been shown that slight modification of dsRNA structure dramatically alters the editing process. 29 Since GluR6 premRNA is long (670 kb), we can not exclude that sequence variation may affect the editing process. Moreover, GluR6 can also undergo editing at two other sites (I/V and Y/C), but sequences involved in this editing are unknown. Further work should directly ascertain the proportion of edited GluR6 forms in brain samples from autistic subjects. Interestingly, a marked decrease (9%) of the unedited fraction of the GluR6 (Q) subunit has been observed in surgically excised hippocampus from patients with refractory epilepsy.
52
GluR6 may also be a candidate for other psychiatric and neurological diseases. In the 6q21 region, three independent studies have reported an elevated linkage with schizophrenia. [53] [54] [55] Two markers, D6S424 (102 cM) and D6S423 (125 cM), flanking the GluR6 gene show the most significant linkage (P Ͻ 0.0003). Since hypoglutamatergia is a well-established hypothesis for schizophrenia, 56 GluR6 is a strong candidate. In support of this hypothesis, partial loss of hippocampal GluR6 mRNAs was observed in schizophrenic patients. 57 Finally, two independent studies have suggested that the age of onset of Huntington disease is associated with GluR6 genotype variation. 58 In conclusion, we observed an excess of allele sharing, LD, and association between GluR6 and autism. These results apparently contrast with other studies using whole genome scans, which have not found significant MLS for chromosome 6q16-23. Although genetic heterogeneity between study populations cannot Molecular Psychiatry be excluded, the linkage to 6q observed in the original PARIS study may have been a consequence of a higher information content using the GluR6 intragenic microsatellite (D6S283). Moreover, the data presented here indicate that LD between GluR6 and autism is seen mainly through maternal transmission. Therefore, we suggest that chromosome 6q21 and GluR6 should be reconsidered and tested for linkage and association in other samples, and a meta-analysis should be done to determine the relative strength of the present findings. Finally, these analyses are exclusively based on genetic data, so further functional studies should be performed to determine the potential role of GluR6 in the predisposition to autism.
